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ABSTRACT

We construct and investigate paper-based microfluidic devices, which model long-term fluid harvesting, transport, sensing, and analysis in
new wearables for sweat analysis. Such devices can continuously wick fluid mimicking sweat and dispose of it on evaporation pads. We
characterize and analyze how the action of capillarity and evaporation can cooperatively be used to transport and process sweat mimics
containing dissolved salts and model analytes. The results point out that non-invasive osmotic extraction combined with paper microfluidics
and evaporative disposal can enable sweat collection and monitoring for durations longer than 10 days. We model the fluid flow in the new
capillary–evaporative devices and identify the parameters enabling their long-term operation. We show that the transport rates are
sufficiently large to handle natural sweat rates, while we envision that such handling can be interfaced with osmotic harvesting of sweat, a
concept that we demonstrated recently. Finally, we illustrate that the salt film deposited at the evaporation pad would eventually lead to
cessation of the process but at the same time will preserve a record of analytes that may be used for long-term biomarker monitoring in
sweat. These principles can be implemented in future platforms for wearable skin-interfacing assays or electronic biomarker monitors.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0010417

I. INTRODUCTION

Paper-based microfluidic devices (often called “lateral flow
assays”) have found numerous applications in recent years due to
their low cost, manufacturing simplicity, and ease of use in
point-of-care diagnostics. Paper is hydrophilic and porous, enabling
it to wick small amounts of water, which is useful for biochemical
analysis applications in which fluid volume is limited.1 As the
amount of research on paper microfluidics has grown, the sensing
techniques and modalities have expanded spectaculary2–8 to biologi-
cally relevant analytes including glucose,1,9–13 lactate,14 nitrates,11,15,16

and cholesterol.16 These devices can be fabricated simply and effi-
ciently by utilizing wax patterning,17,18 printing,9,12,15 lithographic,1

and cutting methods.19–21

One area where paper microfluidics can make a big impact is as
a component of wearable devices that require long-term monitoring
and management of small volumes of sweat or interstitial fluid
(ISF).22 Long-term paper-based microfluidic sensing could not only
find applications in fluid management for sweat sensing23 but also

environmental monitoring,24 drug compliance, and food quality
control.3 Most existing paper-based devices are designed for
one-time use only, functioning under relatively intense capillary flow
into the paper, which ceases upon saturation. Researchers have
begun exploring how they can control the rate of capillary wicking
into paper-based devices to prolong sensing duration or incorporate
areas of mixing and separation.25,26 Flow control has been achieved
through various geometrical designs in both 2D and 3D.27–31

However, flow terminates after the paper has been fully saturated,
thus reducing the capillary pressure necessary to drive subsequent
flow. This problem may be addressed through evaporation of some
of the collected liquid. Traditional microfluidic devices (i.e., those
that do not use paper) have utilized evaporation at openings at the
end of a microchannel to drive fluid flow.32,33 One device has facili-
tated pumping by evaporation from a paper plug at the outlet of a
microfluidic channel.34 Microfluidic pumps have been inspired by
the evaporation occurring in trees,35 and such evaporation assisted
capillary wicking has even been utilized to concentrate biomarkers.36
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The monitoring of human health and well-being with the use
of wearables is considered critical in the next generation of biomed-
ical devices. The field of wearable sensors from sweat collection
and analysis has seen a number of impressive and rapid advances
in the past few years.23,37–47 These technologies presently face a key
challenge—the need to passively manage sweat over long durations
of collection. A microfluidic paper platform capable of generating
and managing stable long-term fluid flows could become an inte-
gral component in the next generation of sweat sensing devices. We
evaluate the feasibility and efficacy of a platform for continual long-
term pumping of fluids, such as sweat, using capillary–evaporative
pumping through paper microfluidics.

The long-term pumping of fluids requires a long-term source
of fluids. Thus, another major problem that needs to be solved for
achieving long-term sweat collection and monitoring by such
devices (e.g., in the format of wearable skin patches) is the collec-
tion of sweat under conditions of normal human activity, which
only rarely involves profuse sweating. Our group demonstrated a
new concept of osmotic fluid collection and withdrawal by a
method based on the osmotic pressure difference between the
model sweat and a hydrogel disk with higher solute concentration
than sweat.41 The difference in the chemical potential created by
the hydrogel readily pulls the model biological fluid across a dialy-
sis membrane, using the difference in chemical potential in lieu of
mechanical pumping.48 Recent reports also illustrate the potential
of gels in capturing sweat for hydration monitoring.49 Merging
such fluid extraction principles with paper microfluidics can poten-
tially lead to a huge advancement in the area of non-invasive sweat
sampling and management. The development of long-term skin
sweat assays is an ongoing area of research in our group, and the
study here represents one component of that work.

This report presents a detailed analysis of how paper micro-
fluidics can function as a key part of a platform for long-term
sweat sampling and biomarker monitoring. We conceptualize how
the joint action of capillary wicking and evaporation can sustain
continuous and long-term withdrawal of fluid containing dissolved
solutes similar in composition to sweat. We first show that paper
strips of controlled geometry can passively pump fluid for sensing
purposes for long durations. Modeling and experiments both show
how the strip geometry can control the flow. We then evaluate the
limitations of evaporative pumping based on hydrodynamic resis-
tance and salt accumulation for long-term use. Finally, we explore
how such paper microfluidic platforms can be deployed for colori-
metric sensing as a model of biomarker quantification in biofluids.

II. EXPERIMENTAL

A. Materials

Whatman quantitative filter papers, hardened, ashless Grade
542 (GE Healthcare Life Sciences), were used as the wicking strips
in the device conduits. The strip designs were created in
CorelDraw, and the paper strips were cut on a CO2 laser cutter
(Universal Laser Systems VLS 3.5). The body of the device was fab-
ricated using polydimethylsiloxane (PDMS, Dow Corning). Yellow
fluorescent dye (Tracerline, TP39000601) was dissolved in phos-
phate buffer saline (PBS) to mimic a model sweat biomarker. PBS
has an ionic strength of ≈0.15M.

B. Paper microfluidic device setup

As shown in Fig. 1, the paper microfluidic device consists of
three main components: a sampling interface where the paper is in
contact with the desired fluid, a linear strip of paper that wicks the
fluid, and an open large surface area where the evaporation takes
place at the end of the fluid path. The paper cutouts were placed on
an acrylic sheet to keep them flat and block evaporation from one
side of the paper. The other side of the paper strip was encased by
a slab of PDMS. A small portion (1 cm long) of the paper segment
extended from this sandwiched structure, serving as the sampling
zone for receiving fluids, including model sweat.

C. Flow monitoring procedures

The entire assembly was mounted vertically. To help visualize
the flow, we placed a black mat behind the acrylic plate. A Canon
EOS Mark5 DSLR camera focused on the paper strip and images
were taken at the exposure of 1/13th s. Six UV LED lights, from an
ACLOROL 5050 LED strip, were placed approximately 2 in. in
front of the paper strips to illuminate the fluorescent dye. An
enclosure surrounded the setup to block external light from affect-
ing the images. The camera recorded time-lapse images every 30 s
to follow the fluorescent dye motion through the paper. All tests
were performed in ambient lab conditions [∼22 °C and 40% rela-
tive humidity (RH)].

The strips were initially suspended in air with the sampling
region interfacing de-ionized (DI) water to allow for wicking to
fully wet the strip. Once fully wetted, the collection pad was brought
in contact with a fluorescent solution and the motion of the dye was
tracked. Depending on the test performed, the sampled solution
may be switched between DI water and solutions with varying dye
concentrations. For long duration tests, the paper strips were kept in
contact with PBS solution continually over the 10-day span.
Fluorescent dye was introduced as stated above once a day in order
to obtain flow data. Matlab was used to extract quantitative data
from the series of images (Fig. S1 in the supplementary material).

III. RESULTS AND DISCUSSION

The key aspects of device construction and operation
reported here are illustrated in Fig. 1. There are two distinct zones
along the paper channel—a thin long rectangular section directly
interfacing the analyte solution and a broad circular arc region
(evaporation pad) with a high surface area. During the initial
stage of operation, capillary wicking draws fluid from a sampling
region (which in a wearable device implementation would be
skin) and transports it through the paper strip to the evaporation
pad. Evaporation takes over as the dominant pumping force after
saturation of the paper pad. Capillary action replenishes evapo-
rated fluid in the pad, creating a pull that continually draws fluid
from the sampling region through the channel to the evaporating
pad. This enables the paper device to pump for long durations
after the fluid wets the paper.

One application of such devices would be non-invasive and
continuous sweat withdrawal, where the paper microfluidic chan-
nels can be incorporated into a device, backed by a hydrogel disk
infused with a liquid of high solute concentration. On interfacing
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such a device with skin, the chemical potential difference between
the hydrogel disk and the skin would initiate fluid withdrawal from
the skin,41,49 which would then wick along the paper channel and
eventually get disposed into the evaporation pad. The pad can be
used for quantifying the various associated biomarkers. However,
an in-depth analysis about the biomedical application of such
devices is beyond the scope of this study.

A. Visualizing and characterizing the flow of water

We first used a fluorescent dyed water solution to visualize
and trace fluid movement through the paper. The sampling region
of the paper strips interfaced a reservoir of DI water. During this
initial priming stage, capillary action wicked water to fully wet the
strip. After saturating the strip with water, we switched the solution
in the reservoir every 20 min between a commercially available
fluorescent dye and DI water. We measured the flow rate by moni-
toring the intensity of the alternating bands of fluorescent dye that
passed through the paper. The continual transport of fluid is visu-
alized in Fig. 2(a) via the movement of the bands of green fluores-
cent dye (Video S1 in the supplementary material). The
fluorescence intensity of the dye was measured digitally from the
images at the locations denoted by the red and blue dotted lines
and plotted vs time by using Matlab (Supplementary Note 1 in the

supplementary material). The resulting signal is in the form of
periodic peaks correlated with the presence or absence of the dye in
the reservoir [Fig. 2(b)].

The distance between two colored intensity signals in Fig. 2(b)
is proportional to the time it takes for the dye to travel the distance
between the two points of measurement. The flow velocity of the
wicking in the channel was evaluated by the distance between
the two peaks divided by the time difference between the two
sequential signals. These data show that the paper devices with
evaporative water disposal have a steady state flow rate over time
scales longer than hours. Even after saturating the paper, the fluid
continues to maintain stable flow rates that do not diminish
over 2 h, as shown in Fig. 2(c). We verified the evaporative
pumping mechanism through tests in settings of variable humidity
and by observing the temperature drop in the pad associated
with evaporation (see Figs. S2 and S3 and Supplementary Note 2 in
the supplementary material).

B. Velocity model and geometry limits

The flow characteristics of this simple class of paper devices
depend on their geometry. The time delay between the first
moment a target analyte contacts the paper to the time it reaches
the sensing area is determined by the geometrical design of the

FIG. 1. Schematic of the working principle of the paper-osmotic microfluidic device. Paper strips are fabricated with three sections: a section that samples fluid, an
encased paper channel for transporting fluids, and a paper pad with a large surface area that utilizes evaporation to continually drive fluid through the device. Wicking ini-
tially saturates the paper. Evaporation then removes water from the pad, allowing for capillary action to pump more fluid through the channel to this pad. The evaporating
model biofluid leaves behind a deposit of dried salts, which over time impedes the device operation. The photo on the right illustrates a prototype of a skin-interfacing
patch assay, where this principle is used for collection of sweat via an osmotic hydrogel interface.
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paper channel, including the area of the evaporation pad and the
width and length of the paper “channel” connecting the collector
and evaporation pad. We measured the dye velocity through the
paper conduits connecting to varying evaporation pad areas and
channel widths. The data were interpreted based on a generalized
fluid transport model that accounts for three key factors: (1) evapo-
ration rate based on pad size, (2) velocity of dye through the paper
channel based on channel geometry (cross-sectional area), and (3)
chromatographic effects between the dye and paper substrate. It
also allowed us to identify the limitations of the total fluid flow rate
that arise from the hydrodynamic resistances encountered through-
out the paper channel.

To evaluate the evaporation rate, we assume that there is a
constant evaporation flux [H (mg/cm2 s)] over the entire area (A)
of the evaporation pad, as capillary action will keep the paper
wetted. The mass flow rate of water ( _m) through the device is cal-
culated as _m ¼ HA. The flow rate of water through the paper
channel in the microfluidic device can be obtained from a mass
balance using the fluid velocity (v), channel width (w), and mois-
ture content of the wet paper [M (mg/cm2)]. This results in a mass
flow of _m ¼ vwM.

Chromatographic effects arising from the dye adsorption–
desorption equilibria between the dye molecules in the fluid and
paper substrate result in the lagging of dye behind the fluid. This
lag can be taken into account by using a retardation factor (Rf),
which correlates the dye velocity with the actual velocity of fluid
traveling through the paper microfluidic channel.

At steady state of complete device saturation with water, the
mass of the evaporated water per unit time equals the mass flow
rate through the channel. Incorporating the retardation factor and
rearranging the equation result in an expression for dye velocity.
This model, plotted in Fig. 3(a), fits the data well without any

fitting parameters (as the value of Rf was measured independently),

vdye ¼ Rf HA

wM
: (1)

Another flow regime is established when the water does not
completely saturate the evaporation pad. Increasing the area of the
pad increases the flow rate up to the point where the flow resistance
of the channel limits the maximum flow rate. The flow rate in this
regime is established by the rate at which capillary wicking of fluid
through the device can replenish the evaporated fluid. The fluid
transport through the paper channel encounters hydrodynamic resis-
tance, which induces an associated pressure drop. Balancing this
hydrodynamic pressure drop with the capillary pressure defines the
maximum flow rate achievable through the channel. The pressure
drop (ΔP) over the channel length (L) can be correlated to the
maximum flow rate of water [Qmax (m

3/s)] through the paper device,
viscosity (μ), permeability (κ), and thickness (h) using Darcy’s law,50

ΔP
L

¼ � μ

κwh
Qmax: (2)

We assume that the pressure drop of the fluid in the evaporat-
ing pad is negligible due to its much larger cross-sectional area.
The maximum flow rate is then limited by the maximum capillary
wicking rate and equal to the flow rate expected from evaporation,

Qmax ¼ ΔPwhκ
μL

¼ HAmax

ρ
: (3)

A re-arrangement of this equation makes possible to evaluate
the maximum wetted area (Amax) for a given channel width while

FIG. 2. (a) Images of a paper strip
during testing where the sampled fluid
was periodically exchanged between
DI water and a fluorescent dye every
20 min. The corresponding time-lapse
video can be seen in Video S1 in the
supplementary material. (b) Image
analysis shows that the intensity of the
dye oscillates in the encased channel
as the bands of dye are transported
towards the evaporation pad. One
measurement was performed at the
bottom of the channel (red dotted line)
and the other was measured near the
top of the channel (blue dotted line).
(c) The velocity of the dye was calcu-
lated at each step. Note that the flow
remains constant over a 2 h span.
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the device is operating at its steady state,

Amax ¼ ΔPhκρ
μLH

� �
w: (4)

We measured the maximum area of water coverage Amax at
varying channel widths and sizes of the evaporating pads. The
results are plotted in Fig. 3(b). The maximum wetted area follows a
linear relationship with channel width as predicted by the model.
The deviation from the origin may be due to the neglected pressure
drops in the evaporating pad or evaporation from the channel. The
observed flows are comparable to a previous report on fluid trans-
port in paper devices with fan geometry.51

This graph defines the parameter region where the device oper-
ates at maximal efficiency, when the evaporation pad is completely
wetted [shaded area in Fig. 3(b)]. Operation with evaporation pads
having larger areas above this line is suboptimal, as the pad is not
fully saturated, since capillary wicking is not able to replenish water
rapidly enough to fully saturate the pad area. Pads with smaller evap-
oration areas can operate reliably as capillary action is able to fully
replenish the evaporated water. Points along the line represent an
exact balance of capillary flow and evaporation. These results reveal
the flow-based limitations with evaporation-based pumping through
a porous paper device.

C. Long-term operation with isotonic salt solutions

One key application of such devices that we foresee is trans-
port for analysis of biological media such as sweat or interstitial

fluid. In this context, they should operate for long periods of time
with biological solutions that contain dissolved salts and other
species. These solutes will accumulate on the evaporation pad over
time and will precipitate when their concentration exceeds the solu-
bility limit. The caked salt deposits will suppress the fluid evapora-
tion from the pad because of the increased osmotic pressure from
higher salt concentration as well as physical obstruction from the
precipitated salt crystals on the paper. Thus, the limits of pumping
hindered by salt deposition were examined to determine the
maximum operating lifetime.

We evaluated the limits of long-term operation of the paper
strip devices fed with PBS to observe the effects of salt accumula-
tion on flow rate. PBS was used to simulate biological and medi-
cally relevant body fluids, such as sweat, which have the same ionic
strength. The evaporative pumping of PBS results in the visible for-
mation of a precipitated layer of salts at the outer edge of the evap-
oration pad. Interestingly, the growth of this layer was gradual and
slow. A solid salt layer is observed at the evaporation pad periphery
by the second day of testing [Fig. 4(a)]. The solid salt crust grew
inward from the evaporation pad periphery toward the center each
day as more salt precipitated [Fig. 4(b)]. However, in spite of the
slow deposition of salt crust, the pumping process continues to
operate for several days.

The area available to evaporate water for pumping decreases
over time as a direct result of salt accumulation. Dye velocity is
proportional to the evaporating area, as shown in Eq. (1). The salt
accumulation slowly suppresses the flow rate, and both dye velocity
and uncovered area decrease over time as salt accumulates. The

FIG. 3. (a) Plot of the measured dye
velocity in the paper channel relative to
the size of the evaporation pad for
various channel widths. Velocity
increases with increased area and
decreased channel width, as expected.
The theoretical model, shown on the
right, was plotted for each channel
width and shows agreement with the
measurements. (b) Plot showing the
maximum wetting area achieved on the
evaporation pad vs the channel width.
Smaller channel widths have a higher
pressure drop, which hinders the flow
of fluid through the channel and
reduces the maximum wetted area of
the evaporation pad. All data bars rep-
resent the standard deviation.
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decrease in the evaporation rate due to an increase in concentrated
and precipitated salt is broadly analogous to that of the evaporation
of saline water from soil.52 The correlations that relate fluid veloc-
ity, area, and time are v = α1A and dA/dt =−α2v, where αi are con-
stants. The solutions of this system of first order differential

equations is in the form of exponential decay functions,

v ¼ v0e
�t

τ , (5)

FIG. 4. (a) Images and micrographs showing the evaporating pad of the paper strip under operation of DI water and PBS. Salt deposits from the PBS accumulate at the
periphery of the pad over time as water evaporates. (b) Schematic showing the mechanism of salt accumulation. The salt deposit begins to build up at the edge of the
pad, resulting in a front of salt crystals moving inward from its edge. (c) Velocity of a fluorescent dye was measured over a 10-day span to determine the effect of salt accu-
mulation on fluid flow. (d) The area of the paper pad not covered by salt crystals was measured over this span. Both velocity and area show a negative exponential decay
over time. (e) Velocity plotted vs the area available for evaporation, delineating two evaporation regimes.
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A ¼ A0e
�t

τ : (6)

To evaluate the long-term device performance, we measured
the dye velocity over a 10-day span [Fig. 4(c)]. Concurrently, we
recorded the area of the evaporation pad not covered in salt crystal
cake where the evaporation of the water medium was taking place
[Fig. 4(d)]. The data are in good agreement with Eqs. (5) and (6).
Both velocity and area of salt-free region demonstrate exponential
decay over a period of 10 days [Figs. 4(c) and 4(d)]. The velocity
and area remain linearly correlated with each other [Fig. 4(e)].
Integration of the velocity over time shows a total fluid uptake of
∼13 ml of solution, which would deposit ∼115 mg of salt. Thus,
evaporation disposes nearly 500 times the volume of liquid held by
a saturated paper strip of this size (0.025 ml). To put this in per-
spective of human perspiration, an area of 1 cm2 skin of the
forearm would produce an average sweat rate of roughly 0.75 μl/
min.53 Assuming continuous sweating at this average sweat rate, it
would take nearly 290 h (more than 12 days) before 13 ml is
pumped and enough salt has precipitated to hinder the evaporative
flow. This result shows that passive evaporative disposal of the
sweat released by human skin under normal conditions could, in
principle, operate for more than 10 days, a few orders of magnitude
longer than typical operational times of state-of-the-art wearable
microfluidic systems. Overall, the design of the paper channel pro-
vides a new universal platform that can serve for both continuous
and non-continuous sensing (on the pad).

D. Dynamic and static solute profiles during device
operation

The use of devices in continual monitoring of chemical and
biological markers requires predictable solute transport and fidelity
of the concentration profile during the fluid transport as investi-
gated above. In addition, the fate of the analyte deposited on the
evaporation pad is of specific interest, as within a specific time
interval, the mass of the solute accumulated on the drying pad
could be expected to represent the integral amount of all material
transported through the paper strip “channel.” Thus, the mass
transport in the continual pumping paper microfluidic devices was

followed to establish the dynamic and overall concentration profiles
of the analyte simulant.

Solutions with varying dye concentration (0%–0.2%) were
wicked through the paper channel, while their fluorescence inten-
sity profiles were measured over time. These tests were performed
using multiple concentration step changes as shown in Fig. 5(a).
They showed how the response of the measured intensity to the
change in sampled dye depends on the pumping rate and channel
width. The steady state intensity was used to create a correlation
curve with the dye concentration [Fig. 5(b)]. There is a linear rela-
tionship between color intensity and dye concentration. This corre-
lation was expected, as concentration of the dye was the only
parameter altered and was directly correlated to color intensity.
This result demonstrates the ability of this pumping device to be
used for colorimetric sensing applications.

One important observation is that analogous to the accumu-
lated salt-ring in Fig. 4(b), the steady flow and continuous evapora-
tion of the dye solution from the pad also results in dye embedding
in “tree ring” deposits from caked salt that keep on progressing
inward toward the center over time and continue until the pad
fully is fully saturated with dry salt [Fig. 5(c)]. This linear progres-
sion of these deposits and uniform pattern of rings is a result of the
pad geometry and laminar flow of the inflowing dye solution.
Thus, the evaporation pad can potentially function as a useful
repository for analytes in sweat by maintaining a time-stamped
record of their concentration. It is expected that the embedding of
biomarkers and other organic molecules of interest such as drug
metabolites within a dry salt layer could serve as a reasonable way
to preserve the record for later analysis.

IV. CONCLUSIONS

Microfluidic devices based on paper can be easily fabricated
and have become a major platform for making simple, inexpensive,
and convenient biological and medical assays. The data summa-
rized here show how paper-based devices may find application in
technologies for non-invasive health and wellness monitoring from
skin due to their ability to continually pump fluid with composi-
tion similar to sweat for long durations via evaporation. Here, we

FIG. 5. (a) Plot showing measured intensity of dye in a paper channel [black circles, measured at the same location as Fig. 2(a)] while adjusting the concentration of dye
in the solution reservoir via step changes (as shown by the blue plot). (b) Intensity plotted vs dye concentration demonstrates the expected linear correlation. (c) “Tree
ring” pattern formation on evaporation pad due to the accumulation of multiple dyes and salts for more than 5 h of operation.
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used a reservoir of model fluid, but as a next step, we plan to
combine these devices with our earlier osmotic gel patches41 to
explore this concept on human skin. The data and models show
that the paper geometry—both the linear flow strip and pad—con-
trols the flow rate of fluid through these devices. The ability to
pump model sweat continuously for 10 or more days addresses a
limitation of present sweat sensing devices, which collect sweat
from the body but do not have a way of handling that fluid for
long term after testing has been performed. The demonstrated
long-term performance of these paper-based devices make them
suitable to be interfaced with skin sweat collection interfaces based
on osmotic gel patches,41 as well as sweat released by physical
exertion38,39,42,54–57 or by iontophoretic extraction using sweat
stimulating agents.58,59 The paper strip can serve as a site for
hosting electrochemical sensors,60 although the detection will occur
after a time lag on the order of minutes. Another interesting,
although more challenging, opportunity is to combine this trans-
port and monitoring principle with devices that monitor interstitial
fluid (ISF), which can be withdrawn by means of microneedles.22

This will require further consideration of the osmotic effects and
engineering of the transport at the microneedle–paper interface.

The pumping mechanism in the evaporation-based paper
devices requires no external power and thus can be used for continual
long-term monitoring in wearable devices where power consumption
may be limited. Such devices involving evaporation would not
operate at a relative humidity of 100% (saturation conditions) as they
need water evaporation. However, an argument can be made that
humans rarely operate for long in such environments and would pro-
fusely sweat in such conditions, making sweat collection straightfor-
ward. Finally, as such a device would be in constant contact with the
human skin, they would experience only small variations in tempera-
ture, which is needed for calibration of some biosensors and assays.

Another interesting capability revealed by the data is the
potential of long-term recording of the analyte profile. The results
for the sequential introduction, detection, and “tree ring” layering
of the fluorescent model analytes highlight the strictly laminar fluid
flow in the paper channel and evaporation pad. This layered accu-
mulation of salts preserves and vitrifies the analytes, which could
be analyzed later either by a scanning device, reproducing a time
profile of a biological marker/drug that can appear in the sweat
(similar to the analysis of tree rings or layers of each to provide
chronological information), or using conventional colorimetric
assays. Thus, these devices could report both a near-real time
reading by a biosensor (which could be integrated in the “straight”
portion of the paper device) or record a long-term temporal profile
of sweat composition sequentially deposited by the laminar flow
along the evaporation pad.

The simple capillary-assisted evaporative pumping platform,
the principles of which are shown here, may be able to present an
integral part of the next generation of wearable technologies. These
principles in the near future will be subject to biomedical validation
of biological analytes with patches on human skin. Overall, even at
this point, the results show how capillary wicking and evaporation
in paper microfluidic channels, in conjunction with osmotic gel
withdrawal, could form the basis of new platforms for devices with
non-invasive, passive long-term continuous sweat withdrawal and
management.

SUPPLEMENTARY MATERIAL

See the supplementary material for more graphical and
numerical data, analysis, and a movie illustrating the operation of
the model microfluidic devices.
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